Identification of an epileptogenic lesion on brain magnetic resonance imaging (MRI) in people with drug-resistant epilepsy (DRE) is a robust predictor of successful epilepsy surgery [1] . However, the definition of MRI-negative epilepsy is variable and depends on patients' age, radiologists' expertise, prior knowledge of pathology, use of quantitative morphometric methods to supplement visual analysis, and probably to a lesser degree, on technical specifications of the scanner [2, 3] . Children with MRI-negative DRE have different pathological substrates compared to adults. There is a paucity of data about epilepsy surgery outcomes and its determinants in this population [2] , such that a meta-analysis found only 93 children with non-lesional epilepsy in studies from 1995 to 2007 [1] . Further, with improving non-invasive localization of seizure-onset zone, surgical candidacy may be extended to children with complex neurophysiology, such as poorly localized ictal-onset on scalp electroencephalography (EEG). We present a single-center series of children with MRInegative DRE, with a detailed description of their demographic profile, pre-surgical evaluation, surgical procedures, seizure outcomes, and multivariate modeling of predictor variables. We believe that this data will contribute toward improved surgical decision making in this population.
Methods

Patient population
Children were identified from an institutional epilepsy surgery electronic database. All children with MRI-negative (defined later) DRE, who underwent resective epilepsy surgery between January 2007 and December 2013 were included. For seizure-free patients a minimum follow-up of one year was required for inclusion. Patients who continued to have seizures for over 3 years after surgery, but subsequently became seizure-free, were not classified as seizure-free for this analysis. Also, for patients who had a repeat resective surgery, the outcomes were classified only with respect to the first surgery.
Pre-surgical evaluation
The non-invasive pre-surgical evaluation included a detailed history, systematic and neurological examination, testing for genetic causes and/or inborn errors of metabolism, neuropsychological, neurophysiologic, and imaging studies, individualized for all patients by the attending epileptologist. Video-EEG monitoring to capture sufficient number(s) of habitual seizures was carried out. Structural imaging consisted of an epilepsy protocol MRI, described later. Functional imaging comprised of inter-ictal fluoro-deoxyglucose positron emission tomography (FDG-PET), ictal and inter-ictal single photon emission computed tomography (SPECT) and magentoencephalography (MEG) studies. Areas of relative hypo-metabolism were determined by statistical parametric mapping (SPM) of PET data, in addition to visual analysis. Inter-ictal SPECT was digitally subtracted from ictal study and co-registered on MRI (SISCOM) to determine area(s) of relative hyper-perfusion during a seizure. MEG data was obtained with concurrent scalp EEG, and various inter-ictal spikes or ictal onset (if captured) were modeled for source localization using multiple algorithms. Information obtained from different modalities in the non-invasive evaluation was synthesized for each patient individually and reviewed in a multi-disciplinary conference. It was decided, for all except one patient in this series, to proceed for invasive evaluation with implantation of subdural electrodes (this one patient underwent a direct anterior temporal lobectomy with amygdalo-hippocampectomy [ATL-AH]).
After implantation of subdural electrodes under intra-operative electrocorticographic (ECoG) monitoring, all patients had a postoperative head CT scan with 3D reconstruction to verify the location of grids and strips. Again, after a sufficient number of habitual seizures were captured, localization of the central sulcus with somatosensory evoked potentials and functional mapping of motor and/or language cortices with electrical cortical stimulation was performed as clinically indicated. The data was again synthesized and a resection plan was formulated. Additional intra-operative motor mapping was used if proposed resections were adjacent to primary sensorimotor cortex. The details of presurgical evaluation at our center have been published earlier [4, 5] .
MRI evaluation
MRI was performed at 1.5 T in 4 patients and at 3 T in the remaining ones (n = 43). The 1.5 T protocol included: sagittal T1-weighted (5 mm slice thickness, at 6 mm intervals), axial FSE T2-weighted (5 mm slice thickness at 6.5 mm intervals), axial T2 FLAIR (5 mm slice thickness at 6.5 mm intervals), coronal oblique T2 FLAIR (perpendicular to the plane of hippocampus, 4 mm slice thickness at 4 mm intervals), and coronal isotropic 1 mm 3D T1 weighted gradient recalled echo (with 1 mm sagittal and axial multi-planar reformations) sequences. The 3 T protocol included: sagittal isotropic 1 mm 3D T1 weighted gradient recalled echo (with 1 mm axial and coronal multi-planar reformations), axial FSE T2-weighted (3-4 mm slice thickness at 3-4.5 mm intervals), axial T2 FLAIR (4 mm slice thickness at 4.5 mm intervals), coronal oblique T2 FLAIR (perpendicular to plane of hippocampus, 3-4 mm slice thickness at 3-4 mm intervals), and sagittal isotropic 1 mm 3D T2 FLAIR (with 1 mm axial and coronal multi-planar reformations) sequences [6] . MRI was evaluated pre-operatively at the time of multidisciplinary epilepsy conference with access to clinical, EEG, and functional data. Lesional classification was made if the imaging features were strongly suggestive of a potentially epileptogenic lesion which could direct surgical resection. Non-lesional (MRI negative) classification was made if the MRI was completely normal or if there were only non-specific, non-localizing findings that could not direct a surgical plan [6] .
Outcome measures
Seizure outcomes were stratified according to the International League Against Epilepsy (ILAE) outcome classification [7] . ILAE outcome classification is an ordinal scale based on seizure-days/year, with categories defined as complete seizure freedom without auras (I), only auras without other seizures (II), 1-3 seizure-days/year (III), 4 seizure-days/year to a decrease of 50% from pre-treatment seizure frequency (IV), from 50% decrease up to 100% increase (V), and !100% increase in seizure frequency (VI).
The primary outcome measure was complete seizure freedom (ILAE class 1). A subgroup analysis comparing seizure-free proportions in patients with single seizure semiology and concordant ictal EEG vs. others was also performed. The predictors of seizure freedom including clinical and imaging features, type of surgery, and post-operative histological findings, were also explored. For the purposes of these comparisons, seizure frequency was dichotomized into daily and non-daily seizures. Similarly, children were categorized into those with single seizure semiology vs. those with multiple different seizure types. The concordance of neurophysiological and imaging investigations was based on colateralization with the final side of surgery.
Statistical methods
Data was extracted onto a Microsoft Excel spreadsheet (Microsoft Corp., Redmond, WA). Proportions, means, and standard deviations were calculated for respective variables. Seizure-free (ILAE class 1) children were compared to those who did not achieve seizure freedom (ILAE class > 1) using Fisher's exact or chi-square tests for categorical variables, and t-test for unpaired samples for continuous variables (significant at 2-sided p 0.05). All non-invasive pre-surgical variables with p 0.1 for univariate analysis were included in a multivariate logistic regression model using forward stepwise variable selection. The regression model was refit with only the selected variables to ensure the largest number of included observations. Odds ratios (OR) and 95% confidence limits (CI) were calculated for statistically significant variables (p 0.05). The adequacy of the final model was assessed by examining the area under the receiveroperating-characteristic curve (AUC), and Hosmer-Lemeshow goodness-of-fit test. An identical multivariate analysis was repeated by also including surgical variables. SAS 1 statistical software version 9.3 (SAS Institute Inc., Cary, NC) was used for statistical analyses.
Results
Clinical characteristics
Forty seven patients (23 females) with childhood-onset MRInegative DRE had resective epilepsy surgery during the study period. The age at seizure onset varied from neonatal period up to 16.4 years (mean 5.72 AE 4.70 years). Patients with multiple seizure types (28, 59.6%) were more common than those with single semiology (19, 40 .4%), and 22 (46.8%) patients had daily seizures. Before pre-surgical evaluation, patients had failed 2 to 15 AEDs (mean 5.57 AE 2.90). The mean duration of epilepsy from onset of seizures to the surgery was 6.46 AE 3.81 years (spread: 7 months-14.2 years).
Pre-surgical evaluation
Sixteen (34.0%) patients had non-specific brain MRI abnormalities of uncertain significance (Table 1) . Tests for genetic and/or inborn metabolic causes of epilepsy were performed in 16 patients (34.0%) but did not reveal an etiology (see Supplementary Table e1 in the online version at DOI: 10.1016/j.seizure.2016.07.004). All included patients had non-invasive video-EEG monitoring, and nearly all underwent PET (n = 45), SISCOM (n = 40), and MEG (n = 42) studies. All patients, except one, had invasive evaluation with intra-cranial EEG monitoring. The number of implanted electrodes varied from 32 to 128 (mean 90 AE 23). The number of electrodes active at the seizure onset varied widely from 1 to 41 (median 11, IQR 16).
Surgical procedures
Extra-temporal corticectomy from a single lobe was the most common epilepsy surgery in our series (n = 25), followed by ATL-AH (total n = 11, left sided n = 6), multi-lobar resection (n = 10), and hemispherotomy (n = 1). Among extra-temporal resections, the most common surgery was left frontal corticectomy (n = 13), followed by right frontal (n = 7), right parietal (n = 4), and left parietal (n = 1) corticectomies. Multi-lobar resections always included ipsilateral temporal lobe surgery in addition to right frontal (n = 5), left frontal (n = 3), left parietal (n = 1), and right parietal (n = 1) corticectomies.
The proportion of implanted electrodes removed during resection varied from 0.05 to 1 (mean 0.41 AE 0.27). The resections were adjudged as complete, based on inclusion of all subdural electrodes active at seizure onset within the resection margin, in 28 patients (59.6%). Reasons for incomplete resection are summarized in Table 2 .
Seizure outcomes and pathology
After a mean follow-up of 2.75 AE 1.72 years (spread: 1.0-6.2 years), 12 (25.5%) patients were seizure free (ILAE class I, Fig. 1 ). Seizure-free proportions in patients with single seizure semiology and concordant ictal EEG (50.0%, 7/14) was significantly higher (OR 5.6, 95% CI 1.12-29.88, p = 0.025) compared with other patients (15.2%, 5/33). Cortical dysplasia was the most common pathological substrate (n = 42, 89.4%) found on post-operative histopathology. ILAE type IB dysplasia was the most common (n = 17), followed by IIA (n = 14), IA (n = 7), IC (n = 3), and IIIA (n = 1) [8] . Among others, 4/5 patients had non-specific gliosis on histology.
Predictors of surgical outcome
Univariate comparisons of subgroups based on seizure freedom (ILAE class 1 and !1) found 8 statistically significant differences (Table 3) . Children with single seizure type were more likely to be seizure-free (8/12, 66.7%) than those with multiple seizure types (11/35, 31.4%, p = 0.045), and those with daily seizures were less likely to be seizure-free (1/12, 8.3%) compared to children having less frequent seizures (21/35, 60.0%, p = 0.002). MEG was concordant with the side of resection in 11/12 (91.7%) seizure-free patients vs. 17/35 (48.6%) patients with ILAE > 1 outcome (p = 0.015). Interictal and ictal EEG lateralized to the resection side in 10/12 (83.3%) seizure-free patients vs. 17/35 (48.6%) patients who were not seizure-free (p = 0.047). Seizure-free children started having seizures at a significantly later age (8.59 AE 4.95 years) compared to those who were not seizure-free (4.73 AE 4.25 years, p = 0.013). Prior to surgery, patients with ILAE outcome > 1 had received significantly more number of AEDs (6.35 AE 2.96) vs. patients with ILAE = 1 outcome (3.33 AE 0.89, p = 0.001). Among the surgical variables, proportion of implanted electrodes removed at the resection was significantly lower in seizure-free patients (0.27 AE 0.19) compared to patients who were not seizure-free (0.45 AE 0.28, p = 0.04). Multivariate logistic regression was performed with stepwise forward selection using 7 non-invasive variables discussed above (p < 0.1, Table 3 , not including the proportion of electrodes removed). The regression was rerun with just the selected variables to ensure that the largest number of observations were included. The resulting model (AUC = 0.967, Hosmer-Lemeshow goodness-of-fit p = 0.91) found 3 variables to retain statistical significance. Children with daily seizures (OR 0.02, 95% CI < 0.001-0.55, p = 0.02), and those with earlier onset of seizures (OR 0.72, 95% CI 0.52-0.99, p = 0.04) were less likely to be seizure-free. Additional AEDs tried before surgery decreased the probability of seizure-free outcome (OR 0.16, 95% CI 0.04-0.63, p = 0.009). Identical multivariate regression repeated including the proportion of electrodes removed at surgery did not alter the results.
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Discussion
This study strengthens the evidence for efficacy of resective neurosurgery in children with MRI-negative DRE, and emphasizes the importance of clinical variables as predictors of seizure freedom.
Seizure frequency, age of seizure-onset, and number of AEDs tried before surgery were found to be significant predictors of seizure outcomes. The odds of seizure-freedom increased by 39% for each added year of seizure onset, increased 48 times for children not having daily seizures, decreased by 6.5 for each additional AED tried before surgery. To simulate clinical decision making, we performed two regressions: first including only the non-invasive variables, and second also including the surgical data. Remarkably, despite advances in imaging and neurophysiology, only the clinical variables predict seizure outcomes. We think that daily seizures starting at an earlier age represent a more refractory phenotype probably with hard-wired diffuse epileptogenic networks that are less likely to be critically interrupted by surgery. This assertion is supported by studies reporting daily seizures and earlier age of onset as risk factors for intractability in childhood epilepsy. A large prospective study found 38/274 (13.9%) of children with daily seizures to develop DRE compared to 22/325 (6.8%) of those with lower seizure frequency (p = 0.004). Also, the mean age of seizure onset was lower in children with DRE (4.2 AE 4.4 vs. 6.0 AE 3.9 years, p = 0.001). Seizure frequency (log rate ratio 1.41, 95% CI 1.23-1.62, p < 0.0001) was a significant predictor of intractability on multivariate modeling in this study [9] . Another prospective study also found daily seizures (OR 7.21, 95% CI 3.36-15.46, p < 0.001) and age of onset (OR 0.79/year, 95% CI 0.71-0.88, p < 0.001) to be a significant predictors of intractability [10] . Recent retrospective studies have reported similar findings [11, 12] . The number of failed AEDs is a multifarious variable that captures seizure burden and duration of epilepsy. We think that a higher number of AEDs may represent a subgroup thought to be poor surgical candidates by the referring physicians.
Other reports on pediatric MRI-negative epilepsy surgery outcomes have not performed multivariate predictive modeling [13, 14] . Based on univariate comparisons, Jayakar et al. reported better surgical outcomes with complete resection and convergence of inter-ictal scalp EEG discharges to the resected area [15] . They defined completeness of resection on the basis of scalp EEG and ictal SPECT, compared to our definition based on the inclusion of subdural electrodes active at seizure-onset within the resection margin. Localization of scalp EEG in their study was based on estimating dipole source(s) with complex field and time lead analyses [15] . Evaluating completeness of resection based on noninvasive tests could have resulted in relatively extensive resections since irritative zone defined by scalp EEG and SPECT hyperperfusion are known to have broader extent compared to seizureonset zone defined by intra-cranial EEG [16] [17] [18] . Further, the role of scalp EEG source-localization with conventional electrode placement is not well-defined. There is some evidence that a minimum of symmetrically-placed 60 electrodes are essential to correctly sample the scalp electric field, besides other considerations including type of head model, and the computational algorithm [19] . We also found significantly higher proportion of concordance of inter-ictal and ictal EEG (83.3% vs. 48.6%) and MEG (91.7% vs. 48.6%) with the side of resection in seizure-free children (Table 3 ) but these variables did not retain significance on multivariate regression. However, like frequent seizures, younger age at onset, and multiple pre-surgical AEDs, these factors are also markers of a more diffuse epileptogenic network. A majority of children in our series had extra-temporal resections, most commonly involving frontal lobe, followed by ATL-AH and multi-lobar resections. The resection included all intracranial electrodes active at seizure-onset in approximately 60% patients, with vicinity to functionally eloquent cortex being the most common reason for incomplete resection (Table 2) . Other studies on validity of a single investigative modality have defined completeness of resection based on inclusion of deficit zone illustrated by that modality [17, 20, 21] . We believe complete resection defined by invasive EEG is a more representative criterion and is the best approximation of epileptogenic zone.
Approximately 26% of children with MRI-negative DRE were seizure-free in our series after a mean follow-up of 2.8 years. Other pediatric series have reported seizure-free outcomes in 36-48% of patients [2, [13] [14] [15] 22] . In relatively ''traditional'' patients (single semiology and concordant ictal EEG), our seizure-free proportion (50.0%) was comparable to these reports, and higher than our ''non-traditional'' patients (15.2%). Several factors specific to patient population and study design explain these differences. Since the definition of MRI-negativity lacks uniformity and depends on MRI technology and analysis, some children classified as MRI-positive at our center may have been called MRI-negative historically, particularly before recognition of pathognomonic imaging features of cortical dysplasia [2, 3] . Also, children who eventually became seizure-free after another surgery or long-term (after 3 years) drug treatment were classified as not being seizurefree based on the outcome of only first epilepsy surgery, in our study. This is different from studies which have reported eventual outcomes or did not mention this consideration explicitly [13, 14] . Inclusion of patients with discordant non-invasive data and having seizures typically associated with diffuse epileptogenic networks also contribute to these observations. We found a higher proportion (89.4%) of children to have cortical dysplasia (most commonly ILAE IB and IIA types) on histopathology. In one study only 6/101 patients had definite Taylor-type dysplasia (Palmini II) and 71 children had non-specific abnormalities or ''mild dysplasia'' [15] . Another study reported cortical dysplasia in 15/27 (55.6%) children [13] . None of our patients had type IIB dysplasia, probably because of progressively improved recognition of its MRI features. While abnormal histology is sometimes considered predictive of better surgical outcomes in MRI-negative epilepsy [1, 2] ; our study does not support this observation. Overall, malformations of cortical development have a poorer surgical outcome compared to other substrate-related epilepsies [23] [24] [25] . Our study has a limitation being focused on seizure outcomes and not reporting neuropsychological or quality-of-life (QoL) outcomes. However, it is known that seizure-freedom is the most important determinant of developmental, psychological, or QoL outcomes [26] .
In conclusion, we would emphasize that pre-surgical clinical factors serve as significant predictors of seizure-outcomes after surgery in MRI-negative DRE. Children with relatively infrequent seizures (not daily), later age of seizure onset, and fewer number of AEDs tried before surgery were more likely to attain seizure freedom. This study would contribute toward optimization of patient-selection for resective neurosurgery in pediatric MRInegative DRE, with the recognition that the definition of MRInegativity continues to evolve with advancement of MRI technology, improvement in methods of analysis, and experience of radiologists.
